Herbertsmithite and Zn-doped barlowite are two compounds for experimental realization of twodimensional gapped kagome spin liquid. Theoretically, it has been proposed that charge doping a quantum spin liquid gives rise to exotic metallic states, such as high-temperature superconductivity. However, one recent experiment about herbertsmithite with successful Li-doping shows surprisingly the insulating state even under the heavy doped scenario, which can hardly be explained by many-body physics. Using first-principles calculation, we performed a comprehensive study about the Li intercalated doping effect of these two compounds. For the Li-doped herbert- 1 arXiv:1712.06791v2 [cond-mat.str-el]
I. INTRODUCTION
When subject to strong geometric frustrations, quantum spin systems may achieve paramagnetic ground states dubbed resonance valance bond (RVB), or quantum spin liquid (QSL) states 1 . QSL is an unambiguous Mott insulator whose charge gap is not associated with any symmetry breaking 1 and it is characterized by the pattern of long-range quantum entanglement that has no classical counterpart [2] [3] [4] . Upon charge doping in the QSL, exotic quantum states may evolve, such as the high-temperature superconductivity as predicted In this paper, using first-principles calculation method, we studied the Li intercalation doping effects of these two kagome spin liquid compounds. In the Li-doped herbertsmithite, it was speculated that Li is located in the Cl-(OH) 3 tetrahedron hole (T-site) 27 , based on which singlet trapping and electron localization were proposed to explain the insulating behavior. However, we found that Li prefers to sit at the Cl-(OH) 3 -Cl pentahedron site (square pyramid, P-site), having a total energy of around 0.8 eV per unit cell (u.c.) lower than that of the T-site. It is also found that the total magnetization decreases linearly with 
II. CALCULATION METHODS
Our first-principles calculations were carried out within the framework of the PerdewBurke-Ernzerhof generalized gradient approximation, as embedded in the Vienna ab initio simulation package code 31 . All the calculations were performed with a plane-wave cutoff energy of 500 eV. For structural relaxation, we adopted the experimental lattice constants for both herbertsmithite and Zn-doped barlowite, where the geometric optimizations were performed without any constraint until the force on each atom is less than 0.01eVÅ 
III. RESULTS AND DISCUSSION
Herbertsmithite has the tetrahedral R3m (166) space group with ABC stacked Cu 2+ spin-1/2 kagome planes along c directions, which are separated by non-magnetic ions ( 
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To determine the most stable position for the doped Li ions in herbertsmithite, we first carried out total-energy calculation with Li ions in these three different locations, i.e. T-, P-, and H-sites. After relaxation, Li ion in the H-site is relaxed to the off-center position close to hydroxide (OH) − , rather than the assumed cubic center, indicating Li prefers to bond with (OH) − . We found the H-site with the largest space is not the most stable position for Li, instead, the position for Li with the lowest total energy is the P-site, formed by three (OH) − and two Cl ions, as shown in Fig. 1(d) . We have further verified these results through 2×2×1 supercell calculations, which yield the same conclusion with the P-site to be the most stable position for Li.
As described by the magnetic susceptibility measurements in the Ref. 27 , the magnetic moment of the Li-doped herbertsmithite decreases linearly with the increase of the Li doping concentration. Therefore, the electrons of Li are indeed doped into the Cu 2+ kagome planes.
To demonstrate this behavior, we calculated the magnetic properties of the Li-doped herbertsmithite and plotted the PDOS of Cu before and after Li doping, using the most stable structural configuration for Li [ Fig. 3(a) ]. As shown in Fig. 3(b location of the doped ions, therefore, we further studied detailed electronic properties of Li and its nearby OH − and Cl − ions with the most stable structure.
As shown in Fig. 4(a) To further support our conjecture, we plotted the charge variance distribution caused by the Li doping. As shown in Fig. 4(c) , it can be clearly seen that the doped electron is mainly distributed around the Li ion and its neighboring ions, confirming the electron localization caused by chemical bonding around the Li ion. We additionally examined the size effect using a larger 2×2×1 supercell, and found similar feature of electron localization. It is worth noting that because of the large capacity of the P-site to hold Li ions with relatively small structure distortion, the structure remains stable in a wide range of Li doping concentration. Unlike T-site to P-site to H-site.
IV. CONCLUSIONS
In conclusion, we have carried out a comprehensive study about the Li intercalated doping effect of the two promising compounds for 2D realization of kagome spin liquid, i.e.
herbertsmishite and Zn-doped barlowite. Though with different layer stacking sequence for the Cu kagome planes, the interstitial vacancies are surprisingly alike for these two compounds, which leads to very similar behaviors upon Li doping. Instead of the previous speculated T-site, P-site was found to be the most stable position for the doped Li ions, which has around 0.8 and 0.9 eV/u.c. lower energy than Li in the T-site for herbertsmithite and Zn-doped barlowite, respectively. We demonstrated the charge transfer from the doped 
